The modern Arctic Ocean is regarded as a barometer of global change and amplifier of global warming 1 and therefore records of past Arctic change are critical for palaeoclimate reconstruction. Little is known of the state of the Arctic Ocean in the greenhouse period of the Late Cretaceous epoch (65-99 million years ago), yet records from such times may yield important clues to Arctic Ocean behaviour in near-future warmer climates. Here we present a seasonally resolved Cretaceous sedimentary record from the Alpha ridge of the Arctic Ocean. This palaeo-sediment trap provides new insight into the workings of the Cretaceous marine biological carbon pump. Seasonal primary production was dominated by diatom algae but was not related to upwelling as was previously hypothesized 2 . Rather, production occurred within a stratified water column, involving specially adapted species in blooms resembling those of the modern North Pacific subtropical gyre 3 , or those indicated for the Mediterranean sapropels 4 . With increased CO 2 levels and warming currently driving increased stratification in the global ocean 5 , this style of production that is adapted to stratification may become more widespread. Our evidence for seasonal diatom production and flux testify to an ice-free summer, but thin accumulations of terrigenous sediment within the diatom ooze are consistent with the presence of intermittent sea ice in the winter, supporting a wide body of evidence for low temperatures in the Late Cretaceous Arctic Ocean [6] [7] [8] , rather than recent suggestions of a 15 6C mean annual temperature at this time 9 . The Arctic is a critical yet under-sampled region for palaeoclimate studies. The recent Integrated Ocean Drilling Program Arctic Coring Expedition has provided Arctic records back to the late Palaeogene (56 Myr ago) 10 but earlier shallow coring of older, Cretaceous sediments has hitherto offered only tantalising indications of the Arctic palaeoenvironment 2, 9, 11, 12 . Such sediments provide an opportunity to investigate Arctic climate variability in past greenhouse states that may be analogues for the future. Specifically, little is known of Arctic seasonal-scale climate variability in periods without permanent sea ice cover.
Cretaceous laminated sediments also provide a palaeo-sediment trap record with which the past workings of the marine biological carbon pump may be elucidated. In the modern ocean, diatom algae are responsible for up to 40% of oceanic primary production, and because they dominate export in many marine environments, diatoms are the key agents in the marine biological carbon pump, central to biogeochemical cycling 13, 14 . In contrast, the role of diatoms in the Cretaceous oceans is poorly understood, in part owing to lack of preservation-opal A is unstable and diatoms are easily destroyed during sediment burial and silica diagenesis. However, the first, albeit rare, pelagic diatomites occur in the late Cretaceous, coinciding with a radiation of planktonic diatoms 15 , and in late Cretaceous sediments without surviving biosilica, there is increasing biomarker evidence of diatom contribution to carbon cycling, including the production that generated the black shale horizons of this period 16 . With remarkable serendipity, successive US and Canadian expeditions that occupied floating ice islands above the Alpha ridge of the Arctic Ocean recovered cores containing shallow buried upper Cretaceous diatom ooze with superbly preserved diatoms (cores Fl-437 and CESAR-6 respectively; taken some 160 km apart) (Figs 1, 2) 2, 11 . A third core (Fl-533) contains organic carbon-rich mud with no biosilica but with biomarker evidence for the presence of rhizosolenid diatoms 9 . Detailed diatom micropalaeontology of the material we analysed from the CESAR-6 core shows no evidence for evolutionary biostratigraphic change, and the diatom floras show closest correlation to the latest Campanian Stephanopyxis simonseni zone of the recently 1 National Oceanography Centre Southampton, School of Ocean and Earth Science, University of Southampton, Southampton, SO14 3ZH, UK. revised Canadian Arctic diatom zonation 17 . Diatom analysis of core Fl-437 indicates a similar late Campanian age (71-76 Myr ago) 18 . However, because of conflicting palynological evidence and the lack of any comparable well preserved diatomaceous sequences of early Maastrichtian age dated by other fossil groups, an early Maastrichtian age (69-71 Myr ago) cannot be ruled out (see Supplementary Information).
The core surfaces of both CESAR-6 and Fl-437 displayed macroscopic colour lamination (Fig. 2a) , on a millimetre-to-centimetre scale, for which two strongly conflicting interpretations have been proposed. A seasonal alternation of diatom vegetative cells and diatom resting spores was proposed for the Fl-437 core on the basis of sampling from macroscopically visible laminations 2, 18 , whereas analysis of the CESAR-6 core found no differences in diatom content associated with the macroscopic lamination, but attributed the lamination to variations in iron content related to hydrothermal activity 11, 12 . To resolve these competing hypotheses we examined samples using electron microscope techniques (see Methods). Analysis, at a spatial resolution that is only possible using back-scattered electron imagery (BSEI) of resin-embedded sediment, reveals that both cores comprise a regular alternation of laminae composed of two distinctly different diatom assemblages (Fig. 2c, d ) that are an order of magnitude thinner than those macroscopically visible. Superimposed on these laminae of differing diatom composition are changes in the concentration of fine Fe-rich coatings that define the macroscopically observed lamination or colour banding on the millimetre-to-centimetre scale 12 ( Supplementary Fig. S2 ). Thus, elements of both prior interpretations appear correct. The preservation of undisturbed laminae is consistent with the presence of anoxic bottom waters, as would be expected in a basin with strongly stratified waters, analogous to the modern Black Sea, with an excess of precipitation over evaporation and only shallow water connections to the world ocean through the Turgay and Fram straits and increasingly restricted Western Interior Seaway (Fig. 1) 19 . BSEI analysis of the composition and sequence of the laminae provides new insights into late Cretaceous polar oceanography and climate.
We undertook BSEI analysis of a continuous 58 cm interval from the laminated unit in CESAR-6 (core interval 167.5-225.5 cm; see Supplementary Information), complemented by examination of some discrete 2-cm-long samples from core Fl-437. To verify the integrity of the CESAR-6 section, detailed diatom assemblage counts using optical microscopy were undertaken at 10-cm intervals and these indicate no biostratigraphic change in the diatom flora over the continuously studied interval. More than 3,600 individual laminae of different composition were identified throughout the CESAR-6 interval. We found no evidence for erosional contacts involving truncation of laminae or for current reworking such as ripple cross lamination or lag deposits. Our extensive experience of hemipelagic and pelagic sediments indicates that the observed fabrics are likely to represent an undisturbed record of successive water column flux events.
The diatom laminae within both cores comprise alternations of resting spores with vegetative cells (Fig. 2) . The resting spores occur as nearly monospecific laminae of a small hyaline resting spore resembling modern Chaetoceros spp. (Fig. 2d) . Some laminae of this Chaetoceros-type resting spore are mixed with Hemiaulus tumidicornis resting spores, and other less-common laminae include Skeletonema subantarctica. In the modern ocean, diatom resting spore flux is characteristic of the spring bloom in temperate and high latitudes and is normally related to the depletion of nutrients towards the end of the bloom 20 . Skeletonema spp. are also a common component of flux from the spring bloom in areas of good opal 14 . In the Cretaceous Arctic Ocean (as today) there would have been a rapid transition over about one month from complete darkness to continual daylight, and without permanent ice cover this would have led to the initiation of the spring bloom and to the development of a strong seasonal thermocline (Fig. 3a) .
The laminae of diatom vegetative cells that succeed the spring bloom resting spores reflect a different origin. These laminae are dominated by Hemiaulus spp. (mainly H. antiquus and H. gleseri with subordinate H. danicus and H. elegans) together with Trochosiropsis polychaeta, Anaulus sibiricus and Rhizosolenia spp., all of which may form nearly monospecific (or, with Hemiaulus, nearly monogeneric) laminae (Fig. 2c) . Recent observations within stratified open-ocean settings such as the North Pacific subtropical gyre, have identified major blooms of Hemiaulus hauckii in association with the nitrogenfixing, intracellular cyanobacterial symbiont, Richelia intracellularis, some of which produce significant export 3 . The Pleistocene and Pliocene epochs' organic carbon-rich, Mediterranean sapropels also contain Hemiaulus hauckii as a lamina-forming component 4 , together with evidence for N 2 -fixation 21 . The Cretaceous laminae also contain rhizosolenid diatoms ('R' in Fig. 2c ), which are often associated with Hemiaulus in the modern ocean and in the Mediterranean sapropels and may not only maintain symbiosis with R. intracellularis but may also obtain nitrogen through vertical migration to the nutricline 22 . Rhizosolenid diatoms may also thrive at low light levels in deep chlorophyll maxima 14 . Thus, the diatom vegetative cell laminae of the Arctic Cretaceous are consistent with production within stratified waters (Fig. 3b) .
By analogy with the blooms of the North Pacific subtropical gyre, nutrients may have been provided by episodic storm-induced eddies 3 . Such blooms might also have been driven by N 2 -fixing intracellular symbionts, given that Si but not N would have been provided by riverine input or through vertical migration of the diatoms to tap deep nutrient sources. Strong seasonal stratification would, indeed, have been expected in the polar summer. Furthermore, Campanian reconstructions from Arctic Canadian Islands indicate significant river run-off to the Arctic Ocean 23 and this freshwater influx would have enhanced stratification as well as introducing nutrients. Subsequently, with the breakdown of the seasonal thermocline in the rapid transition to the polar night, the diatoms adapted to the stratified conditions would have been rapidly sedimented in a 'fall (autumn) dump' 14 (Fig. 3) . Pulses of sedimentation may also have occurred during the summer in response to post-bloom nutrient limitation as has been proposed for some Hemiaulus hauckii blooms in the North Pacific subtropical gyre 24 . In view of the strong seasonal affinity of the two lamina types (Figs 2 and 3) , we can argue that the combined lamina pair represents an annual sediment couplet.
The absence of any fragmentation of the diatoms strongly suggests that a rapid post-bloom flux to the sediments occurred before zooplankton populations could respond, possibly complemented by the accumulation of diatom aggregates in 'grazer-proof' concentrations in deep chlorophyll maxima before a flux event (Fig. 3) . This is in contrast to Campanian coastal and shelf sediments from the Canadian Arctic Islands to the south in which there is much fragmented diatom material 23 . The absence of the near-shore, benthic diatom Paralia in both the CESAR-6 and Fl-437 cores (present in the Campanian shelf sediments to the south 23 ) further indicates a pelagic basinal environment.
Unlike in the modern ocean where the genus Hemiaulus is represented by only four species, Hemiaulus was one of the dominant genera of the late Cretaceous with over 40 species 25 and may have been better adapted to the less mixed and more stratified seas of the Mesozoic. Intriguingly, biomarker evidence is emerging of cyanobacterial contributions to Cretaceous black shales 26 . It may be that these were produced by cyanobacterial diatom symbionts analogous to R. intracellularis, a known symbiont of three of the four extant Hemiaulus species. Together with complementary biomarker indicators of rhizosolenid diatoms in the late Cretaceous 9 , these lines of evidence suggest that diatom algae may already have been key players in the marine biological carbon pump by late Cretaceous times.
An upwelling origin was originally suggested for the diatomaceous sediments of the Alpha ridge 2 , but it is clear from our results that much of the production and export was from highly stratified waters with an initial spring bloom episode and subsequent production in the stratified summer surface layer. The diatom sediment concentrations we measured in the Fl-437 and CESAR-6 cores range between 2 3 10 9 and 8 3 10 9 valves per gram of dry sediment, and represent exceptional abundances equalling modern values for the most productive areas of the Southern Ocean. This Cretaceous production, dominated by diatoms adapted to stratified conditions of the polar summer, may also be a pointer to future trends in the modern ocean. With increasing CO 2 levels and global warming giving rise to increased ocean stratification 5 , this style of production may become increasingly important.
Our evidence for seasonal diatom production and flux testify to an ice-free summer, but the presence of enigmatic lithogenic material suggests the intermittent presence of winter sea ice. Elongate lenses, some isolated grains and very occasional thin laminae of poorly sorted clastic sediment, typically of clay through silt up to fine-sand grade, occur within about 30% of the annual lamina couplets (Fig. 4) . The absence of sorting or any other evidence of density current activity suggests a rafting origin (see Supplementary Information). The lack of material coarser than fine sand rules out glacial ice, or sea ice formed from anchor ice flotation, but the size spectrum of particles (in particular the cut-off at fine-sand grade) is typical of that of turbid ice, which is formed in the modern Arctic by sediment entrainment by frazil ice during autumn storms 27, 28 . Such early formed ice is unconsolidated and mobile, facilitating long-range ice rafting 27 . Although a 15 uC mean annual sea surface temperature for the late Cretaceous Arctic Ocean has been postulated 9 , subsequent papers now propose that the TEX86 method yields a summer sea surface temperature maximum rather than an annual average 29 , allowing the possibility of significantly colder winter temperatures. Our evidence for the presence of sea ice would be consistent with indications of possible frosts from Campanian-Maastrichtian age tree rings from Ellesmere Island 6 ; estimates of polar temperatures down to -10 uC from late Campanian-Maastrichtian Alaskan vertebrate enamels 7 , as well as models of the late Cretaceous Ocean that suggest the formation of seasonal sea ice 8 .
METHODS SUMMARY
Samples were obtained from the CESAR-6 core using a sediment slab cutter to extract slabs of the still-wet diatom ooze. Subsamples of the cut slabs were embedded with resin using fluid-displacive embedding techniques. Six 2-cm palaeomagnetic sample cubes of already dried sediment from the Fl-437 core were embedded by direct infiltration of resin. Polished thin-sections were prepared and imaged in a scanning electron microscope (SEM) using BSEI to resolve lamina composition. The polished thin-sections used for BSEI were also imaged with a flat-bed scanner at a resolution of 2,400 dots per inch, to examine closely the colour laminations previously reported by visual examination of the core and to compare with the results of BSEI analysis. To complement BSEI, counterpart samples of the sectioned material were prepared for topographic SEM imaging to enable microfossil identification. Detailed diatom micropalaeontology was undertaken using conventional quantitative diatom abundance preparation techniques and optical microscopy. The analysis of a series of diatom micropalaeontology samples from the CESAR-6 core was used to assess the biostratigraphic continuity of the laminated interval. 
